Significance StatementAcquired somatic mutations in splicing factors SRSF2 and U2AF1 are associated with many myeloid diseases, including myelodysplastic syndromes, acute myeloid leukemia, myeloproliferative neoplasms, primary myelofibrosis, and chronic myelomonocytic leukemia. This study demonstrated that expression of U2AF1 and SRSF2 mutations have diverse effects on CD34^+^ hematopoietic stem and progenitor cells. SRSF2 mutations inhibit proliferation through induction of cell cycle arrest and apoptosis, whereas U2AF1 mutations do not significantly affect proliferation. Mutations of both SRSF2 and U2AF1 skew granulomonocytic differentiation towards monocytes. However, the effects on megakaryo‐erythroid differentiation are diverse. SRSF2 mutations skew megakaryo‐erythroid differentiation toward megakaryocytes, whereas U2AF1 mutations cause an increase in the erythroid cell populations. These results identify distinct functional consequences of SRSF2 and U2AF1 mutations in human hematopoietic stem and progenitor cells and provide a system for investigating the underlying molecular mechanisms.

Introduction {#stem2885-sec-0001}
============

Somatic mutations of the pre‐mRNA splicing machinery are associated with a spectrum of myeloid diseases. In the genes encoding splicing factors SRSF2 and U2AF1, the frequency of mutations varies between ∼5% and 25% in myelodysplastic syndromes (MDS), acute myeloid leukemia (AML), myeloproliferative neoplasms, and primary myelofibrosis (PMF), but in cases with chronic myelomonocytic leukemia (CMML), the incidence of mutations is higher in SRSF2 (∼45%) than in U2AF1 (∼5%) [1](#stem2885-bib-0001){ref-type="ref"}, [2](#stem2885-bib-0002){ref-type="ref"}, [3](#stem2885-bib-0003){ref-type="ref"}, [4](#stem2885-bib-0004){ref-type="ref"}, [5](#stem2885-bib-0005){ref-type="ref"}. Mutations of both SRSF2 and U2AF1 are associated with an increase in the risk of transformation to secondary AML and a decrease in overall survival [6](#stem2885-bib-0006){ref-type="ref"}. Clonal analysis of tumor samples from patients with MDS and CMML revealed that splicing gene mutations are present in early hematopoietic stem and progenitor cells (HSPCs) [7](#stem2885-bib-0007){ref-type="ref"}, [8](#stem2885-bib-0008){ref-type="ref"}. The recurrent nature of the mutations and the increased risk of transformation signify their role in disease development. Interestingly, mutations in both SRSF2 and U2AF1 are heterozygous and mutually exclusive of each other and other splicing gene mutations. Studies in human cells and mice have demonstrated that a copy of the wildtype (WT) allele is essential for survival of cells harboring a mutant allele [9](#stem2885-bib-0009){ref-type="ref"}, [10](#stem2885-bib-0010){ref-type="ref"}. These data indicate critical regulatory roles for the WT proteins and a gain of new function for the mutants. However, the mechanisms by which the acquisition of mutations in SRSF2, U2AF1, and other splicing genes leads to transformation of HSPCs are not known.

Myeloid disease mutations in SRSF2 and U2AF1 occur predominantly at hotspot residues [4](#stem2885-bib-0004){ref-type="ref"}, [6](#stem2885-bib-0006){ref-type="ref"}, [11](#stem2885-bib-0011){ref-type="ref"}. In SRSF2, missense mutations and insertions/deletions occur exclusively at or near the amino acid residue Pro95 in the linker between the RNA recognition motif (RRM) and the arginine--serine (RS)‐rich domain. Missense substitutions leading to a Pro95His/Leu/Arg (P95H/L/R) change are most predominant. In U2AF1, mutations are missense changes at the two highly conserved amino acid positions, S34 or Q157 that lie within the N‐ and C‐terminal Zn‐finger domains, respectively. Although a direct consequence of the mutations in SRSF2, U2AF1, and other splicing genes is alteration in mRNA splice patterns, few splicing alterations have been linked to impairment of hematopoietic differentiation [9](#stem2885-bib-0009){ref-type="ref"}, [12](#stem2885-bib-0012){ref-type="ref"}, [13](#stem2885-bib-0013){ref-type="ref"}, [14](#stem2885-bib-0014){ref-type="ref"}, [15](#stem2885-bib-0015){ref-type="ref"}, [16](#stem2885-bib-0016){ref-type="ref"}, [17](#stem2885-bib-0017){ref-type="ref"}, [18](#stem2885-bib-0018){ref-type="ref"}, [19](#stem2885-bib-0019){ref-type="ref"}, [20](#stem2885-bib-0020){ref-type="ref"}, [21](#stem2885-bib-0021){ref-type="ref"}, [22](#stem2885-bib-0022){ref-type="ref"}, [23](#stem2885-bib-0023){ref-type="ref"}. The strongest evidence associating functional consequences of mutation‐induced splicing aberrations to disease phenotype has come from a report on the effects of U2AF1‐S34F mutation in human CD34^+^ cells, where it was demonstrated that the phenotype associated with the U2AF mutation could be recapitulated by expressing altered isoforms of genes encoding the H2A histone variant (H2AFY) and serine/threonine kinase receptor‐associated protein (STRAP) [19](#stem2885-bib-0019){ref-type="ref"}. Experiments carried out by Yip et al. also demonstrated that expression of H2AFY and STRAP isoforms associated with normal myelopoiesis could partially rescue the defects in erythroid differentiation of patient derived cells. Other processes reported to be affected by splicing factor mutations include 3′‐end cleavage‐polyadenylation and *R*‐loop resolution during transcription [24](#stem2885-bib-0024){ref-type="ref"}, [25](#stem2885-bib-0025){ref-type="ref"}, [26](#stem2885-bib-0026){ref-type="ref"}. U2AF1‐S34F induced altered usage of a distal cleavage and polyadenylation site in the autophagy related factor 7 (ATG7) pre‐mRNA and was found to be sufficient for transformation of immortalized mouse hematopoietic BaF3 cells [24](#stem2885-bib-0024){ref-type="ref"}. Mutations of both SRSF2 and U2AF1 were found to cause an increase in *R*‐loops, which can potentially cause genomic instability [25](#stem2885-bib-0025){ref-type="ref"}, [26](#stem2885-bib-0026){ref-type="ref"}.

Studies using knock‐in mouse models for SRSF2‐P95H and U2AF1‐S34F have significantly advanced the understanding of the effects of mutations on hematopoiesis. These studies reported that competitive repopulation capacity of the hematopoietic stem cells (HSCs) from mutant mice (SRSF2^P95H/WT^ and U2AF1^S34F/WT^) was impaired and in transplantation experiments, the recipient mice exhibited MDS‐like symptoms, including leukopenia, anemia, and defective erythropoiesis [10](#stem2885-bib-0010){ref-type="ref"}, [16](#stem2885-bib-0016){ref-type="ref"}, [17](#stem2885-bib-0017){ref-type="ref"}, [23](#stem2885-bib-0023){ref-type="ref"}. However, the heterozygous mice themselves exhibited a milder phenotype. Other models using primary human CD34^+^ HSPCs have also successfully identified increased self‐renewal and abnormal differentiation as cellular phenotypes associated with leukemic chromosomal translocations and somatic mutations [19](#stem2885-bib-0019){ref-type="ref"}, [27](#stem2885-bib-0027){ref-type="ref"}, [28](#stem2885-bib-0028){ref-type="ref"}, [29](#stem2885-bib-0029){ref-type="ref"}, [30](#stem2885-bib-0030){ref-type="ref"}, [31](#stem2885-bib-0031){ref-type="ref"}, [32](#stem2885-bib-0032){ref-type="ref"}. In this study, we examined the impact of myeloid disease mutations in splicing factors SRSF2 and U2AF1 on ex vivo proliferation and myeloid differentiation of primary human CD34^+^ HSPCs. Our analyses revealed that while mutations of both U2AF1 and SRSF2 cause abnormal differentiation of the myeloid lineage cells, only SRSF2 mutations inhibit proliferation through induction of cell cycle arrest and apoptosis. These data indicate differential functional consequences of introducing mutations in SRSF2 and U2AF1 in human HSPCs and provide a system for investigating the underlying molecular mechanisms.

Materials and Methods {#stem2885-sec-0002}
=====================

Cell Lines and Plasmids {#stem2885-sec-0003}
-----------------------

The cell lines HEK‐293T, MS‐5, and K052 (a generous gift from Omar Abdel‐Wahab, SKMCC) were cultured in Dulbecco\'s Modified Eagle Media (DMEM) containing [l]{.smallcaps}‐glutamine and high glucose (ThermoFisher Scientific, Waltham, MA) and 10% fetal bovine serum (FBS; Omega Scientific, Tarzana, CA) and 1% Penicillin--Streptomycin (Pen--Strep; Sigma‐Aldrich, St. Louis, MO). K562 and TF1a (American Type Culture Collection, Manassas, VA) cells were cultured in RPMI medium with [l]{.smallcaps}‐glutamine (ThermoFisher Scientific, Waltham, MA), 10% FBS, and 1% Pen--Strep.

DNA fragments for expression of a fusion protein consisting of green fluorescent protein (GFP), self‐cleaving 2A peptide, and FLAG epitope (DYKDDDDK) tagged splicing factor were generated by PCR amplification and cloned into the pCCL‐MNDU3c‐X2 plasmid (a generous gift from Don Kohn, University of California, Los Angeles). These plasmids expressed both GFP and the U2AF1 or SRSF2 proteins under the MNDU3c promoter.

Statistical Analysis {#stem2885-sec-0004}
--------------------

All immunophenotypic analyses were performed at least four times and data are represented as mean ± standard error (Figs. [1](#stem2885-fig-0001){ref-type="fig"}E and [3](#stem2885-fig-0003){ref-type="fig"}; Supporting Information Figs. [S2](#stem2885-supitem-0001){ref-type="supplementary-material"} and [S5--S7](#stem2885-supitem-0001){ref-type="supplementary-material"}). For longitudinal comparison of expansion of GFP^+^ cells (Fig. [2](#stem2885-fig-0002){ref-type="fig"}) and lineage markers (Supporting Information Fig. [S5](#stem2885-supitem-0001){ref-type="supplementary-material"}) between cultures expressing mutations of SRSF2 and U2AF1 to the WT proteins, statistical analyses were performed with STATA version 14 using the linear mixed model. These analyses compared the observed differences in the mean fold change (relative to day 1) in the number of GFP^+^ cells using the WT as a reference (Fig. [2](#stem2885-fig-0002){ref-type="fig"}; Supporting Information Table [S1](#stem2885-supitem-0002){ref-type="supplementary-material"}) or the percentage of cells expressing lineage markers for the mutations with the WT as a reference (Supporting Information Fig. [S5](#stem2885-supitem-0001){ref-type="supplementary-material"}; Supporting Information Table [S2](#stem2885-supitem-0002){ref-type="supplementary-material"}). All expression measurement approximated a normal distribution following a log transformation. All *p* values were two‐sided and *p* \< .05 was considered statistically significant. For comparisons of mature myeloid lineage populations (*n* = 4), apoptosis (*n* = 4), and cell cycle (*n* = 3), statistical analyses on the indicated days were performed using the Mann--Whitney test in GraphPad Prism v7. Data are represented as mean ± standard error (Figs. [3](#stem2885-fig-0003){ref-type="fig"}, [4](#stem2885-fig-0004){ref-type="fig"}, [5](#stem2885-fig-0005){ref-type="fig"}, [6](#stem2885-fig-0006){ref-type="fig"}). The *p* values for RT‐PCR analyses were calculated using the two‐tailed Student *t*‐test in Microsoft Excel (Fig. [6](#stem2885-fig-0006){ref-type="fig"}; Supporting Information Fig. [S12](#stem2885-supitem-0001){ref-type="supplementary-material"}).

![Transduction and differentiation of the CD34^+^ cells. **(A):** Schematic of plasmid construct used to make lentiviruses. **(B):** Western blot of K562 cell lysates showing expression of GFP and FLAG‐tagged splicing factors. U2AF2 was used as a loading control. **(C):** Western blot of K562 lysates showing expression of FLAG‐tagged splicing factors with endogenous U2AF1 (upper panel) and SRSF2 (lower panel). **(D):** Scheme for transduction and differentiation of CD34^+^ cells. **(E):** Immunophenotypic detection of lineage cells by flow cytometry. Percentages of CD34^−^ population that were monocyte precursors (CD34^−^/CD11b^+^/CD14^−^), monocytes (CD34^−^/CD14^+^/CD66b^−^), granulocytes (CD34^−^/CD14^−^/CD66b^+^), erythroid precursors (CD34^−^/CD71^+^/CD235a^−^), erythrocytes (CD34^−^/CD41a^−^/CD235a^+^), and megakaryocytes (CD34^−^/CD41a^+^/CD235a^−^) are shown for cultures that were untransduced (UT) or expressing GFP alone. Representative scatter plots that were used to calculate the positive populations are shown in Supporting Information Figure [S3](#stem2885-supitem-0001){ref-type="supplementary-material"}. **(F):** Wright--Giemsa staining of untreated cultured cells depicting morphologic characteristic of erythroid cells (red arrowhead), granulocytes (black arrowhead), and monocytes (blue arrowhead).](STEM-36-1663-g001){#stem2885-fig-0001}

![SRSF2 mutations inhibit expansion of the CD34^+^ cells. GFP and CD34 expression were determined by flow cytometry. Percentages of GFP^+^ cells in cultures expressing GFP alone and U2AF1 wildtype (WT) and mutants **(A)** and SRSF2 WT and mutants **(D)** are shown. Fold change in number of GFP^+^/CD34^+^ and GFP^+^/CD34^−^ cells were calculated relative to day 1 for cultures expressing GFP alone, the WT and mutant proteins of U2AF1 **(B, C)** and SRSF2 **(E, F)**. Representative scatter plots for analysis of GFP^+^ and CD34^+^ cells are shown in Supporting Information Figure [S4](#stem2885-supitem-0001){ref-type="supplementary-material"}. All data are represented as mean ± standard error of eight independent experiments. The *p* values were calculated using the linear mixed effect model in STATA. The *p* values ≤.05 were considered significant and are shown here. All statistical data are shown in Supporting Information Table [S1](#stem2885-supitem-0002){ref-type="supplementary-material"}.](STEM-36-1663-g002){#stem2885-fig-0002}

![Mutations of SRSF2 skew myeloid differentiation. Immunophenotypic detection of lineage cells expressing the WT and mutant proteins was carried out by flow cytometry for granulo‐monocyte differentiation and megakaryo‐erythroid differentiation. Fold change in the percentages of **(A)** monocytes (CD34^−^/GFP^+^/CD14^+^/CD66b^−^), **(B)** granulocytes (CD34^−^/GFP^+^/CD14^−^/CD66b^+^), **(C)** monocyte precursors (CD34^−^/GFP^+^/CD11b^+^/CD14^−^), **(D)** megakaryocytes (CD34^−^/GFP^+^/CD41a^+^/CD235a^−^), **(E)** erythrocytes (CD34^−^/GFP^+^/CD41a^−^/CD235a^+^), and **(F)** erythroid precursors (CD34^−^/GFP^+^/CD71^+^/CD235a^−^) were calculated relative to the wildtype for days 21 and 28. Percentages of positive populations are shown in Supporting Information Figure [S6B](#stem2885-supitem-0001){ref-type="supplementary-material"}, [S6C](#stem2885-supitem-0001){ref-type="supplementary-material"}, respectively. All data are represented as mean ± standard error of four independent experiments. The *p* values were calculated using the Mann--Whitney test in GraphPad Prism v7. The *p* values ≤.05 were considered significant and are shown. Abbreviation: WT, wildtype.](STEM-36-1663-g003){#stem2885-fig-0003}

![SRSF2 mutations induce apoptosis. Fraction of cells undergoing apoptosis was determined by flow cytometry analysis after Annexin‐V and 7‐AAD staining. Fold change in fractions of early apoptotic (Annexin‐V^+^/7‐AAD^−^) and late apoptotic (Annexin‐V^+^/7‐AAD^+^) cells in the GFP^+^/CD34^−^ (**A, B**) and the GFP^+^/CD34^+^ (**C, D**) populations expressing SRSF2 mutations were calculated relative to the wildtype protein. All data are represented as mean ± standard error of four independent experiments. The *p* values were calculated using the Mann--Whitney test in GraphPad Prism v7. The *p* values ≤.05 were considered significant and are shown. Representative scatter plots that were used to calculate positive populations and graphs depicting percentages of positive population are shown in Supporting Information Figure [S8](#stem2885-supitem-0001){ref-type="supplementary-material"}A.](STEM-36-1663-g004){#stem2885-fig-0004}

![SRSF2 mutations cause a G2‐M phase arrest in the CD34^+^ cells. Cell cycle phase distribution of CD34^+^/GFP^+^ cells was determined by DNA content measurements after propidium iodide staining on day 14 post‐transduction. **(A):** Histograms for cells expressing GFP alone, SRSF2‐WT, SRSF2‐P95H, and SRSF2‐P95R from a representative experiment are shown. **(B):** Fold change in percentages of the G0‐G1, S, and G2‐M phases were calculated relative to wildtype. All data are represented as mean ± standard error of three independent experiments. The *p* values were calculated using the Mann--Whitney test in GraphPad Prism v7. The *p* values ≤.05 were considered significant and are shown.](STEM-36-1663-g005){#stem2885-fig-0005}

![SRSF2 mutations alter splicing profiles of CD34^+^ cells. **(A):** Frequency of occurrence of nucleotides G, C, A, and T showing C → A and C → G change in the reads spanning exon 2 from RNA‐Seq libraries from cells expressing SRSF2‐P95H and SRSF2‐P95R, respectively. **(B):** Venn diagrams showing the overlap among the genes that were aberrantly spliced upon expression of SRSF2 mutations in CD34^+^ cells, patients with acute myeloid leukemia and chronic myelomonocytic leukemia carrying SRSF2 mutations (Kim et al. [17](#stem2885-bib-0017){ref-type="ref"}). **(C):** RT‐PCR analysis showing validation of targets of SRSF2 mutations in TF1a and K562 cells. Gel images showing mRNA isoforms that include and skip cassette exons 10a, 6, and 4 in ANKLE1, DLG1, and SETD5, respectively. Isoforms for mutually exclusive exons 3 and 4 in LST1 and exons 4 and 5 in PPIL3 and change in use of alternative 3′ splice site in PPP4R1 are also shown. Percentages of exon inclusion are represented as mean ± standard error of three independent experiments. The *p* values were calculated using the Student *t*‐test in Microsoft Excel. The *p* values ≤.05 were considered significant and are shown.](STEM-36-1663-g006){#stem2885-fig-0006}

RNA‐Seq Library Preparation and Sequencing {#stem2885-sec-0005}
------------------------------------------

On day 7 post‐transduction, CD34^+^/GFP^+^ cells were isolated from cultures expressing GFP alone, SRSF2‐WT, SRSF2‐P95H, or SRSF2‐P95R using BD FACS Aria II. Total RNA was isolated using the Total RNA Purification Plus Micro Kit (Norgen Biotek, Thorold, ON). rRNA depleted RNA‐Seq libraries were generated using the Stranded RNA‐Seq Kit with RiboErase (KAPA Biosystems, Wilmington, MA). Three replicate libraries, each derived from CD34^+^ cells obtained from a different donor, were generated for each set of samples. The libraries were subjected to 100 nt paired‐end sequencing to a depth of 40 million reads on Illumina Hi‐Seq 4000.

Bioinformatics Analysis {#stem2885-sec-0006}
-----------------------

Reads from the CD34^+^/GFP^+^ cells were mapped to the current human genome (GRCh38) using Hisat 2 [33](#stem2885-bib-0033){ref-type="ref"}. rMATS version 3.08 was used to carry out differential splicing analysis of cassette exons, and alternative 3′ and 5′ splice sites in SRSF2‐WT, SRSF2‐P95H, and SRSF2‐P95R samples [34](#stem2885-bib-0034){ref-type="ref"}. Differential intron retention was analyzed using DexSeq [35](#stem2885-bib-0035){ref-type="ref"}, [36](#stem2885-bib-0036){ref-type="ref"}. Differences in gene expression between the SRSF2 WT and mutant samples were determined using EdgeR after assigning reads to annotated transcripts using Rsubread [37](#stem2885-bib-0037){ref-type="ref"}, [38](#stem2885-bib-0038){ref-type="ref"}, [39](#stem2885-bib-0039){ref-type="ref"}. Alterations in polyadenylation were examined using the DaPars algorithm [40](#stem2885-bib-0040){ref-type="ref"}.

Results {#stem2885-sec-0007}
=======

Transduction, Culture, and Differentiation of Cord Blood Derived CD34^+^ Cells {#stem2885-sec-0008}
------------------------------------------------------------------------------

We used lentiviruses to co‐express GFP and either WT or mutant splicing factors in human umbilical cord blood (UCB) derived CD34^+^ cells. The lentiviral vectors were bi‐cistronic and expressed a GFP‐splicing factor fusion protein that is linked by a 2A self‐cleaving peptide bridge [41](#stem2885-bib-0041){ref-type="ref"} (Fig. [1](#stem2885-fig-0001){ref-type="fig"}A). Vectors expressed FLAG‐tagged versions of WT splicing factor SRSF2 (SRSF2‐WT) and its two mutations (SRSF2‐P95H and SRSF2‐P95R), and of WT U2AF1 (U2AF1‐WT) and its two mutations (U2AF1‐S34F and U2AF1‐Q157R). We used K562 myeloid leukemia cells to test the expression levels of the proteins from the lentiviral constructs. Western analysis of lysates from K562 cells that were transduced with the vectors and then sorted for GFP^+^ cells displayed efficient cleavage of the 2A peptide bridge and robust expression of GFP (Fig. [1](#stem2885-fig-0001){ref-type="fig"}B, lanes 2--8), the U2AF1‐WT and mutant proteins (lanes 3--5) and the SRSF2‐WT and mutant proteins (lanes 6--8). The ratio of FLAG‐tagged proteins to endogenous was calculated from blots that were probed with anti‐FLAG and anti‐U2AF1 or anti‐FLAG and anti‐SRSF2 antibodies (Fig. [1](#stem2885-fig-0001){ref-type="fig"}C). The fractions of tagged proteins relative to endogenous for U2AF1‐WT, U2AF1‐S34F, and U2AF1‐Q157R were estimated to be 0.45, 0.42, and 0.36, respectively, and for SRSF2‐WT, SRSF2‐P95H, and SRSF2‐P95R were estimated to be 0.49, 0.56, and 0.43, respectively. Therefore, this indicates that in the transduced cells, the proportion of the mutant proteins was equivalent to that of the endogenous WT proteins.

The onset of myeloid lineage commitment is marked by the generation of common myeloid progenitors (CMPs) from HSCs [42](#stem2885-bib-0042){ref-type="ref"}, [43](#stem2885-bib-0043){ref-type="ref"}, [44](#stem2885-bib-0044){ref-type="ref"} (Supporting Information Fig. [S1](#stem2885-supitem-0001){ref-type="supplementary-material"}). Differentiation of CMPs involves further commitment to one of two more lineage‐restricted pathways through either the megakaryocyte erythroid progenitor (MEP) or granulocyte--monocyte progenitor (GMP) stages. MEPs give rise to megakaryocytes and erythrocytes, and GMPs give rise to granulocytes and monocytes. Lineage commitment during differentiation is accompanied by loss of CD34 and gain of lineage‐specific cell surface markers.

CD34^+^ cells were isolated from human UCB, transduced, and then co‐cultured with MS5 stromal cells for 4 weeks in medium containing cytokines to support proliferation and myeloid differentiation [45](#stem2885-bib-0045){ref-type="ref"} (Fig. [1](#stem2885-fig-0001){ref-type="fig"}D). Cells were harvested weekly and immunophenotyped for markers of mature erythrocytes (CD235a/glycophorin A), megakaryocytes (CD41a), granulocytes (CD66b), and monocytes (CD14). The level of CD11b that is expressed in both granulocyte and monocyte precursors and of CD71 (transferrin receptor) that is present on the erythroid precursors was also analyzed [46](#stem2885-bib-0046){ref-type="ref"}, [47](#stem2885-bib-0047){ref-type="ref"}, [48](#stem2885-bib-0048){ref-type="ref"}. A comparison of untransduced and GFP expressing cells showed that there was a rapid and sustained increase in the fraction of cells expressing CD11b and CD14 (Supporting Information Fig. [S2](#stem2885-supitem-0001){ref-type="supplementary-material"}). An initial increase in CD71 was followed by a decline in its expression, presumably due to maturation of the precursor cells. The onset of CD66b, CD41a, and CD235a expression began later, day 7--14, and reached maximum by day 21. Presence of CD34^−^/CD11b^+^/CD14^−^ and CD34^−^/CD71^+^/CD235^−^ cells confirmed the generation of monocyte and erythroid precursors, respectively (Fig. [1](#stem2885-fig-0001){ref-type="fig"}E). The maturation of the precursors to lineage cells was established by the presence of CD34^−^/CD14^+^/CD66b^−^ (monocyte), CD34^−^/CD14^−^/CD66b^+^ (granulocyte), CD34^−^/CD41^+^/CD235a^−^ (megakaryocyte), and CD34^−^/CD41^−^/CD235a^+^ (erythrocyte) cell populations. Representative scatter plots that were used to calculate positive populations are depicted in Supporting Information Figure [S3](#stem2885-supitem-0001){ref-type="supplementary-material"}. Morphological examination after Wright‐Giemsa staining confirmed the phenotype of the lineage cells includes mature monocytes, granulocytes, and erythroblasts in the cultures (Fig. [1](#stem2885-fig-0001){ref-type="fig"}F). Thus, under the culture conditions used in this study, the UCB CD34^+^ cells differentiated to myeloid lineage cells and the expression of GFP did not have any significant effects on the ex vivo cultures.

SRSF2 Mutations Inhibit Expansion of the CD34^+^ Cells {#stem2885-sec-0009}
------------------------------------------------------

To analyze the effects of mutations, we compared the fraction of GFP^+^ cells post‐transduction. In cultures transduced with GFP alone, U2AF1‐WT, or SRSF2‐WT, maximal GFP expression was achieved by day 7 (Fig. [2](#stem2885-fig-0002){ref-type="fig"}). The cultures for U2AF1 mutations S34F and Q157R also exhibited fractions of GFP^+^ cells similar to GFP alone and U2AF1‐WT (Fig. [2](#stem2885-fig-0002){ref-type="fig"}A). However, in the cases of SRSF2 mutations P95H and P95R, growth of the GFP^+^ cells was impaired (Fig. [2](#stem2885-fig-0002){ref-type="fig"}D).

We analyzed the impact of mutations on CD34^+^ and CD34^−^ populations by the linear mixed effect model and longitudinally compared the mean difference in fold change in the number of GFP^+^ cells using the WT protein as a reference. Representative scatter plots that were used to calculate the GFP^+^/CD34^+^ and GFP^+^/CD34^−^ populations are shown in Supporting Information Figure [S4](#stem2885-supitem-0001){ref-type="supplementary-material"}. Analysis for fold change in cell numbers revealed that rates of increase in the number of GFP^+^/CD34^+^ cells expressing U2AF1 mutations S34F and Q157R were not significantly different from those of cells expressing the WT protein (Fig. [2](#stem2885-fig-0002){ref-type="fig"}B and Table S1, *p* \> .05, *n* = 8). Relative to day 1 post‐transduction, there was a ∼40‐ to 50‐fold increase in GFP^+^/CD34^+^ cells in cultures generated by the control GFP vector, as well as by U2AF1‐WT and mutants. The rates of conversion of CD34^+^ to CD34^−^ phenotype were also not affected by expression of the U2AF1 mutations (Fig. [2](#stem2885-fig-0002){ref-type="fig"}C, *p* \> .05, *n* = 8). Conversely, in comparison to SRSF2‐WT, SRSF2‐P95H, or SRSF2‐P95R mutations significantly inhibited expansion of the CD34^+^ cells (Fig. [2](#stem2885-fig-0002){ref-type="fig"}E, *p* \< .001, *n* = 8) and also the conversion of these stem and progenitor populations to CD34^−^ cells (Fig. [2](#stem2885-fig-0002){ref-type="fig"}F, *p* \< .001, *n* = 8). In comparison to SRSF2‐WT, in cultures expressing SRSF2‐P95H and SRSF2‐P95R, the fraction of GFP^+^/CD34^−^ cells was significantly suppressed to ∼3%--5%, likely indicating reduced differentiation. In both the CD34^+^ and CD34^−^ cell populations, the effects of SRSF2‐P95R appeared to be greater than those of SRSF2‐P95H.

Mutations in SRSF2 and U2AF1 Skew Differentiation {#stem2885-sec-0010}
-------------------------------------------------

To determine the impact of mutations on myeloid differentiation, we examined the expression of lineage markers on the GFP^+^ cells. Longitudinal analysis of the precursor and mature lineage markers on the total GFP^+^ population indicated that the fraction of cells expressing CD11b, CD14, CD41a, CD71, CD235a, and CD66b were similar in cultures transduced with GFP alone, U2AF1‐WT, and SRSF2‐WT vectors (Supporting Information Fig. [S5](#stem2885-supitem-0001){ref-type="supplementary-material"}). Comparison of the percentages of cells expressing the individual markers showed that upon expression of U2AF1‐S34F or U2AF1‐Q157R, there was a statistically significant increase in the fraction of cells expressing CD11b, CD14, CD66b, CD41a, and CD235a (*p* ≤ .001, *n* = 4), but not CD71 (*p* \> .05, *n* = 4) (Supporting Information Fig. [S5](#stem2885-supitem-0001){ref-type="supplementary-material"}; Supporting Information Table [S2](#stem2885-supitem-0002){ref-type="supplementary-material"}). In contrast, expression of SRSF2‐P95H or SRSF2‐P95R caused a significant reduction in the fraction of GFP^+^ cells expressing all lineage markers examined (*p* ≤ .05, *n* = 4) except CD66b (*p* \> .05, *n* = 4), relative to SRSF2‐WT and GFP controls, thereby indicating that SRSF2 mutations reduced the percentage of cells expressing lineage markers, whereas U2AF1 mutations enhanced the fraction of cells expressing lineage markers.

We further compared lineage populations in the transduced cultures. We compared fold change in the fraction of precursor and mature lineage cells in cultures expressing mutant proteins to WT on days 7, 14, 21, and 28. However, on day 7 the fractions of GFP^+^ cells expressing the lineage markers were very low (Supporting Information Fig. [S5](#stem2885-supitem-0001){ref-type="supplementary-material"}). The percentages of GFP^+^/CD34^−^ cells expressing the precursor and mature lineage markers for granulo‐monocyte and megakaryo‐erythroid differentiation for days 14, 21, and 28 are illustrated in Supporting Information Figure [S6A--S6C](#stem2885-supitem-0001){ref-type="supplementary-material"}, respectively. The trends in fold change on all three days were similar, but the differences between WT and mutations were found not to be significant on day 14 (Fig. [S6D](#stem2885-supitem-0001){ref-type="supplementary-material"}). The analyses for days 21 and 28 revealed that mutations in both SRSF2 and U2AF1 skewed differentiation (Fig. [3](#stem2885-fig-0003){ref-type="fig"}; Supporting Information Fig. [S7](#stem2885-supitem-0001){ref-type="supplementary-material"}). During granulo‐monocyte differentiation, in comparison to SRSF2‐WT, SRSF2‐P95H, or SRSF2‐P95R elicited a significant increase in the fraction of monocytes (GFP^+^/CD34^−^/CD14^+^/CD66b^−^) with a concomitant decrease in granulocytes (GFP^+^/CD34^−^/CD14^−^/CD66b^+^) (Fig. [3](#stem2885-fig-0003){ref-type="fig"}A, [3](#stem2885-fig-0003){ref-type="fig"}B; *p* \< .05, *n* = 4). Expression of SRSF2 mutations did not affect the monocyte precursors (GFP^+^/CD34^−^/CD11b^+^/CD14^−^) (Fig. [3](#stem2885-fig-0003){ref-type="fig"}C). In megakaryo‐erythroid differentiation, in comparison to the WT protein, SRSF2‐P95H and SRSF2‐P95R caused a significant increase in the fraction of megakaryocytes (GFP^+^/CD34^−^/CD41a^+^/CD235a^−^) (Fig. [3](#stem2885-fig-0003){ref-type="fig"}D; *p* \< .05, *n* = 4). This change was accompanied by a concomitant decrease in the erythroid precursors (GFP^+^/CD34^−^/CD71^+^/CD235a^−^) (Fig. [3](#stem2885-fig-0003){ref-type="fig"}E; *p* \< .05, *n* = 4), but not the mature erythroid population (GFP^+^/CD34^−^/CD41a^−^/CD235a^+^) (Fig. [3](#stem2885-fig-0003){ref-type="fig"}F).

The effects of U2AF1 mutations on granulo‐monocyte differentiation were similar to the SRSF2 mutations (Supporting Information Fig. [S7](#stem2885-supitem-0001){ref-type="supplementary-material"}). There was an increase in monocytes with a concomitant decrease in granulocytes and no change in monocyte precursors upon expression of U2AF1‐S34F and U2AF1‐Q157R (Supporting Information Fig. [S7A--S7C](#stem2885-supitem-0001){ref-type="supplementary-material"}). In the case of megakaryo‐erythroid differentiation, the effects of U2AF1 mutations were opposite. Expression of U2AF1‐S34F and U2AF1‐Q157R led to a decrease in the megakaryocyte fraction (Supporting Information Fig. [S7D](#stem2885-supitem-0001){ref-type="supplementary-material"}), which was accompanied by an increase in the erythroid precursors, but not the mature erythroid cells (Supporting Information Fig. [S7E](#stem2885-supitem-0001){ref-type="supplementary-material"}, [S7F](#stem2885-supitem-0001){ref-type="supplementary-material"}). Notably, the effects of U2AF1 mutations were less dramatic than those of SRSF2 mutations. Although the direction of the observed change was consistent on both days, the extent of change was small and the statistical significance was variable. It is likely that in CD34^+^ cells, appearance of more pronounced effects of U2AF1 mutation on the cellular phenotype are delayed or require a secondary event.

Thus, the immunophenotypic analyses of differentiation revealed that mutations of SRSF2 and U2AF1 cause abnormal differentiation, but their qualitative and quantitative effects are variable. Mutations of both proteins skew granulo‐monocytic differentiation toward monocytes but have different effects on megakaryo‐erythroid differentiation. The SRSF2 mutations skew differentiation toward megakaryocytes whereas U2AF1 mutations cause a decrease in the generation of megakaryocytes with a compensatory increase in the erythroid populations.

SRSF2 Mutations Induce Apoptosis and G2‐M Arrest {#stem2885-sec-0011}
------------------------------------------------

To determine the underlying reason for lack of increase in the CD34^−^ and CD34^+^ cell numbers, we determined (via weekly staining with Annexin‐V and 7‐AAD) whether expression of SRSF2 mutations was inducing apoptosis. This analysis revealed that for CD34^−^ cells, in comparison to SRSF2‐WT, expression of SRSF2 mutation P95H or P95R caused a significant increase in both early (Annexin‐V^+^/7‐AAD^−^) (Fig. [4](#stem2885-fig-0004){ref-type="fig"}A; *p* \< .05, *n* = 4) and late (Annexin‐V^+^/7‐AAD^+^) apoptosis (Fig. [4](#stem2885-fig-0004){ref-type="fig"}B; *p* \< .05, *n* = 4). For the CD34^+^ cells, expression of SRSF2‐P95H or SRSF2‐P95R did not increase early apoptosis (Fig. [4](#stem2885-fig-0004){ref-type="fig"}C; *p* \> .05, *n* = 4) but caused a marked increase in the fraction of late apoptotic cells on days 21 and 28, which did not occur at earlier time points (Fig. [4](#stem2885-fig-0004){ref-type="fig"}D; *p* \< .05, *n* = 4). In comparison to U2AF1‐WT, the U2AF‐S34F and U2AF1‐Q157R mutations did not significantly induce either early or late apoptosis (Supporting Information Fig. [S8B](#stem2885-supitem-0001){ref-type="supplementary-material"}). This delayed induction of apoptosis upon expression of SRSF2‐P95H and SRSF2‐P95R explains the loss of GFP^+^/CD34^+^ cells on days 21 and 28, but it does not account for the lack of expansion of the CD34^+^ cells expressing mutations at earlier time points (Fig. [2](#stem2885-fig-0002){ref-type="fig"}B).

To further elucidate the effects of SRSF2 mutations, we examined cell cycle profiles of the CD34^+^ and CD34^−^ populations by measuring DNA content using propidium iodide (PI) staining. On day 7, the distribution of the GFP^+^/CD34^+^ cells in different phases of cell cycle was similar in cells expressing GFP, SRSF2‐WT, and the mutations P95H or P95R (data not shown). However, by day 14, in comparison to cells expressing SRSF2‐WT, there was a ∼twofold increase in the fraction of GFP^+^/CD34^+^ cells in the G2‐M phase upon expression of the SRSF2 mutation P95H or P95R (Fig. [5](#stem2885-fig-0005){ref-type="fig"}A, [5](#stem2885-fig-0005){ref-type="fig"}B; *p* ≤ .05, *n* = 3). This increase in G2‐M cells was accompanied by a decrease in the fraction of G0‐G1 cells. The percentage of cells in S phase was found to be similar in the cells expressing SRSF2‐WT and mutations thereof. To further examine the effect of mutations on the S phase, we performed the BrdU incorporation assay on day 14. In cultures expressing GFP alone, SRSF2‐WT and mutations thereof exhibited similar percentages of GFP^+^/CD34^+^/BrdU^+^ cells, thereby confirming the absence of an effect on the S phase upon expression of SRSF2 mutations in comparison to WT (Supporting Information Fig. [S9A](#stem2885-supitem-0001){ref-type="supplementary-material"}). As the CD34^−^ population is postmitotic, the GFP^+^/CD34^−^ cells were found not to be cycling. They were in the G0‐G1 phase and expression of mutations did not have any effect in comparison to the WT protein (Supporting Information Fig. [S9B](#stem2885-supitem-0001){ref-type="supplementary-material"}). Thus, the data show that upon expression of the SRSF2‐P95H and SRSF2‐P95R mutations in the CD34^+^ cells, a G2‐M phase arrest occurs first and is followed by massive cell death at later time points. There is loss of CD34^−^ cells because of apoptosis, which likely leads to the reduced percentages of differentiated cells upon expression of SRSF2 mutations.

SRSF2 Mutations Do Not Adversely Affect K562 Cells {#stem2885-sec-0012}
--------------------------------------------------

We also examined the effects of U2AF1 and SRSF2 mutations on proliferation and phorbol myristic acid (PMA) induced differentiation of K562 cells. These analyses did not reveal significant differences in the rate of proliferation of K562 cells expressing the U2AF1 and SRSF2 WT and mutant proteins (Supporting Information Fig. [S10A](#stem2885-supitem-0001){ref-type="supplementary-material"}). In comparison to the WT proteins, expression of the mutants caused neither an increase in early (Annexin‐V^+^/7‐AAD^−^) nor late (Annexin‐V^+^/7‐AAD^+^) apoptotic cells (Supporting Information Fig. [S10B](#stem2885-supitem-0001){ref-type="supplementary-material"}). We also determined the influence of mutations on PMA induced differentiation of K562 cells stably expressing GFP and the U2AF1 and SRSF2 WT and mutant proteins. Post PMA treatment, flow cytometry analysis for CD11b (monocyte) and CD41a (megakaryocyte) did not yield significant differences in the levels of either marker on cells expressing the U2AF1 or SRSF2 mutations in comparison to those expressing the WT proteins (Supporting Information Fig. [S10C](#stem2885-supitem-0001){ref-type="supplementary-material"}, [S10D](#stem2885-supitem-0001){ref-type="supplementary-material"}).

SRSF2 Mutations Alter Splicing in the CD34^+^ Cells {#stem2885-sec-0013}
---------------------------------------------------

To determine the effects of SRSF2 mutations on pre‐mRNA splicing in the CD34^+^ cells, we carried out RNA‐Seq analysis. On day 7 post‐transduction, the GFP^+^/CD34^+^ cells were sorted for RNA isolation and strand‐specific libraries were prepared from total RNA from cells expressing GFP alone, SRSF2‐WT, SRSF2‐P95H, or SRSF2‐P95R. RNA‐Seq reads mapped to SRSF2 exon 2 demonstrated C → A and C → G substitutions in cells transduced with vectors expressing SRSF2‐P95H and SRSF2‐P95R, respectively. In these samples, the fractions of mutant transcripts determined by the number of reads covering the mutation site were 0.41, 0.24, and 0.48 for the SRSF2‐P95H replicates and 0.47, 0.56, and 0.46 for the SRSF2‐P95R replicates (Fig. [6](#stem2885-fig-0006){ref-type="fig"}A depicts data for one representative experiment). These values are in agreement with the protein expression levels that were estimated by Western analysis and confirm that expression of the mutants was at a proportion equivalent to SRSF2‐WT (Fig. [1](#stem2885-fig-0001){ref-type="fig"}C). In principal component analysis on the basis of gene expression, the samples clustered together by the donor (Supporting Information Fig. [S11A](#stem2885-supitem-0001){ref-type="supplementary-material"}). In contrast to previous studies in human cell lines and mouse models, comparison of the WT and mutant samples did not identify any significant changes in gene expression in the CD34^+^ cells. This could be because of large differences in background gene expression of the individual CD34^+^ cell donors and likely reflects high genetic variance. In addition, examination of alternative polyadenylation sites by the dynamic analysis of alternative polyadenylation from RNA‐Seq (DaPars) algorithm did not identify significant changes that were common by comparing both SRSF2 mutations P95H and P95R with GFP and SRSF2‐WT (Supporting Information File [S1](#stem2885-supitem-0003){ref-type="supplementary-material"}) [40](#stem2885-bib-0040){ref-type="ref"}.

Splicing events were quantified to identify cassette exons, 5′ and 3′ splice sites, mutually exclusive exons, and retained introns that were altered upon expression of SRSF2‐P95H and SRSF2‐P95R in comparison to SRSF2‐WT and also to GFP alone (Supporting Information Files [\[Link\]](#stem2885-supitem-0004){ref-type="supplementary-material"}, [\[Link\]](#stem2885-supitem-0007){ref-type="supplementary-material"}) [34](#stem2885-bib-0034){ref-type="ref"}. Using a cutoff of \>10% for change in splicing and a false discovery rate (FDR) below 0.01, we found that a relatively small fraction (\<1%) of splicing events of any class was affected by the SRSF2 mutations and that the affected events were both enhanced and repressed by the mutations (Table [S3](#stem2885-supitem-0002){ref-type="supplementary-material"}). We further filtered the cassette exons and 5′ and 3′ splice site events for changes that occur in the same direction for both mutations, for FDR below 0.01, and a splicing change of \>10% for at least one of the mutations (Supporting Information File [S6](#stem2885-supitem-0008){ref-type="supplementary-material"}). This identified 228 altered splicing events (122 cassette exons, 39 altered 5′ splice sites, and 67 altered 3′ splice sites) via comparison of the mutations to SRSF2‐WT (Supporting Information File [S6](#stem2885-supitem-0008){ref-type="supplementary-material"}). Similarly, comparison with the GFP alone transduced cells identified 182 altered splicing events (98 cassette exons, 39 altered 5′ splice sites, and 45 altered 3′ splice sites) upon expression of the mutations. Further comparison of the two target sets (WT vs. P95H/R and GFP vs. P95H/R) identified 71 overlapping genes with splicing alterations (Supporting Information File [S6](#stem2885-supitem-0008){ref-type="supplementary-material"}). Previous studies have reported enrichment of CCNG motif and depletion of GGNG motif in the exons that are altered in response to SRSF2 mutations [17](#stem2885-bib-0017){ref-type="ref"}. However, the number of overlapping exons in our dataset was too small for performing statistical analysis. The list of cassette exons that contained either CCNG or GGNG motifs is provided in Supporting Information File [S7](#stem2885-supitem-0009){ref-type="supplementary-material"}. Examination for retained introns did not identify any significant events that were altered in response to both mutations. In unsupervised hierarchical clustering based on the inclusion levels of the altered cassette exons, the samples clustered by the donor (Supporting Information Fig. [S11B](#stem2885-supitem-0001){ref-type="supplementary-material"}). As with gene expression, this could be due to large differences in splice patterns in CD34^+^ cells from individual donors.

We next compared the differentially spliced genes in CD34^+^ cells with those reported in other studies to be altered in response to SRSF2 mutations in hematopoietic cells. Comparisons with CMML and AML tumor samples identified relatively few intersecting genes in association with SRSF2 mutations P95H and P95R (Fig. [6](#stem2885-fig-0006){ref-type="fig"}B; Supporting Information Table [S4](#stem2885-supitem-0002){ref-type="supplementary-material"}) [17](#stem2885-bib-0017){ref-type="ref"}. A comparison with SRSF2‐P95H targets reported to be differentially spliced in K562 cells identified five genes (Supporting Information Table [S4](#stem2885-supitem-0002){ref-type="supplementary-material"}) [20](#stem2885-bib-0020){ref-type="ref"}. Similarly, comparisons with SRSF2‐P95H targets in mice also identified very few overlapping genes (Supporting Information Tables [S5](#stem2885-supitem-0002){ref-type="supplementary-material"} and [S6](#stem2885-supitem-0002){ref-type="supplementary-material"}) [17](#stem2885-bib-0017){ref-type="ref"}, [23](#stem2885-bib-0023){ref-type="ref"}. Some of the previously reported splicing alterations in mice, including CDC25C, EZH2, and BCL6 corepressor (BCOR), were not identified as targets of SRSF2 mutations in the CD34^+^ cells [17](#stem2885-bib-0017){ref-type="ref"}, [49](#stem2885-bib-0049){ref-type="ref"}. These differences could be because of variations in the RNA‐Seq analysis pipeline and/or filtering cutoff values as well as the cell type and model system analyzed.

Using overlap with AML and/or CMML samples and conservation across mammals as criteria, we selected six differentially spliced target genes for confirmation. These overlapping targets have known functions in cell cycle regulation (Ankyrin repeat and LEM Domain‐Containing Protein 2; ANKEL2), pre‐mRNA splicing (Peptidylprolyl Isomerase Like 3; PPIL3), signal transduction (Leukocyte specific transcript 1; LST1), protein dephosphorylation (Protein Phosphatase 4 regulatory subunit 1; PPP4R1), and tumor suppression (Discs Large MAGUK Scaffold Protein 1; DLG1) [50](#stem2885-bib-0050){ref-type="ref"}, [51](#stem2885-bib-0051){ref-type="ref"}, [52](#stem2885-bib-0052){ref-type="ref"}, [53](#stem2885-bib-0053){ref-type="ref"}, [54](#stem2885-bib-0054){ref-type="ref"}. We also included a histone modifier SETD5, which was found to be a target in mouse KSL and myeloid progenitors, but not in K562 cells, AML or CMML tumor samples (Supporting Information Tables [S4--S6](#stem2885-supitem-0002){ref-type="supplementary-material"}) [55](#stem2885-bib-0055){ref-type="ref"}. Differences in exon inclusion levels that were predicted by RNA‐Seq were validated by RT‐PCR using RNA from leukemia cell lines TF1a and K052 that are WT and P95H for SRSF2, respectively [10](#stem2885-bib-0010){ref-type="ref"}. In comparison with TF1a cells, there is an increased inclusion of exon 10a of ANKLE2, exon 6 of DLG1, and exon 4 of SETD5 in K052 (Fig. [6](#stem2885-fig-0006){ref-type="fig"}C). Although, the altered exons in LST1 and PPIL3 were identified as cassette exons in rMATS analysis, these were found to be mutually exclusive. In both LST1 and PPIL3, the individual exons change as predicted (Fig. [6](#stem2885-fig-0006){ref-type="fig"}C). In LST1, increased inclusion of exon 3 and decreased inclusion of exon 4 is observed in K052 cells compared to TF1a. In PPIL3, decreased inclusion of exon 4 is accompanied with increased inclusion of exon 5. Lastly, there is an increased usage of the distal 3′ splice site of exon 3 in PPP4R1 in K052 cells. To determine if exogenous expression of SRSF2 mutations mimics the splicing alterations in TF1a cells, we transduced them with vectors to express GFP alone, SRSF2‐WT or SRSF2‐P95R and then sorted them for GFP^+^ cells. RT‐PCR analysis using RNA from the transduced cells showed that expression of SRSF2‐P95R recapitulated the effects on splicing of ANKLE 2, PPP4R1, and LST1 transcripts in TF1a cells (Supporting Information Fig. [S12](#stem2885-supitem-0001){ref-type="supplementary-material"}). Relative to GFP alone and SRSF2‐WT controls, TF1a cells expressing SRSF2‐P95R exhibited increased inclusion of exon 10a in ANKLE2 and exon 3 in LST1, and an increased usage of the distal 3′ splice site of exon 3 in PPP4R1. The data indicate that exogenous expression of SRSF2‐P95R mutation is sufficient to induce these splicing changes.

Discussion {#stem2885-sec-0014}
==========

The longitudinal analysis in this study demonstrated that under the ex vivo differentiation conditions used, the responses of CD34^+^ HSPCs to mutations of the splicing factors SRSF2 and U2AF1 are diverse and affect multiple lineages (Fig. [7](#stem2885-fig-0007){ref-type="fig"}). Effects of SRSF2 mutations, P95H and P95R are dramatically antiproliferative and are associated with a G2‐M phase arrest of the CD34^+^ cells and induction of apoptosis in the CD34^−^ cells (Fig. [7](#stem2885-fig-0007){ref-type="fig"}A). These data indicate that in cells expressing the SRSF2 mutations, initiation of differentiation induces apoptosis, which leads to reduced differentiation. SRSF2 mutations also cause abnormal differentiation by skewing granulo‐monocytic differentiation toward monocytes, and megakaryo‐erythroid differentiation toward megakaryocytes. Conversely, U2AF1 mutations S34F and Q157R do not affect proliferation and their effects on differentiation are not as dramatic (Supporting Information Fig. [S13](#stem2885-supitem-0001){ref-type="supplementary-material"}). Like SRSF2 mutations, U2AF1 mutations also skew granulo‐monocytic differentiation toward monocytes but have the opposite effect on megakaryo‐erythroid differentiation. They cause a decrease in generation of megakaryocytes, which is accompanied by an accumulation of the erythroid population.

![Mutations in SRSF2 cause abnormal myeloid differentiation. Schematic representation of defects in proliferation and differentiation that occur due to expression of SRSF2 mutations in human CD34^+^ hematopoietic stem and progenitor cells. The red and green arrows indicate a decrease and an increase in the fraction of the indicated population, respectively. Abbreviations: CMP, common myeloid progenitor; Er, erythrocyte; Er‐P, erythroid precursor; GMP, granulocyte--monocyte progenitor; Gr, granulocyte. Gr‐P, granulocyte precursor; HSC, hematopoietic stem cell; MEP, megakaryocyte‐erythrocyte progenitor; Mk, megakaryocyte; Mk‐P, megakaryocyte precursor; Mo, monocyte; Mo‐P, monocyte precursor; MPP, multipotent progenitor.](STEM-36-1663-g007){#stem2885-fig-0007}

In the case of SRSF2 mutations, our observations on differentiation defects are in agreement with studies of knock‐in mouse models. In transplantation experiments, mice injected with SRSF2‐P95H mutant HSCs exhibited impaired erythropoiesis compared to mice carrying the WT HSCs [23](#stem2885-bib-0023){ref-type="ref"}. These recipient mice also exhibited increase in bone marrow megakaryocytes. However, the U2AF1 mutations induced defects in the lineage populations are not as impactful and appear to be distinct from those reported in other studies using knock‐in mice and human CD34^+^ model system [16](#stem2885-bib-0016){ref-type="ref"}, [19](#stem2885-bib-0019){ref-type="ref"}. These variations could be caused by the differences in culture conditions including the presence of serum, stroma, and combinations of cytokines. The study by Yip et al. used separate cultures for granulo‐monocytic and erythroid differentiation [19](#stem2885-bib-0019){ref-type="ref"}. In their study, U2AF1‐S34F was found to skew differentiation toward granulocytes in granulo‐monocytic cultures and cause a block in differentiation in erythroid cultures. However, in our analyses, cells were exposed to a cocktail of cytokines that promotes differentiation along all myeloid lineages. The critical role of hematopoietic cytokines in lineage commitment during hematopoiesis is well characterized [56](#stem2885-bib-0056){ref-type="ref"}, [57](#stem2885-bib-0057){ref-type="ref"}. Studies using other leukemia models have shown that variations in cytokine composition can impact phenotypic outcome [58](#stem2885-bib-0058){ref-type="ref"}. Therefore, further investigations of the role of cytokine milieu and culture conditions such as hypoxia and serum will be necessary to delineate the correlation between microenvironment and lineage outcomes upon expression of splicing factor mutations.

In CD34^+^ cells, SRSF2 mutation‐induced alterations were observed in pre‐mRNA splicing, but not in the use of polyadenylation sites in 3′‐UTRs. Interestingly, the SRSF2 mutations also did not induce significant changes in the gene expression profile of the CD34^+^ cells. This likely reflects large background variations in the transcriptome of the donor CD34^+^ cells. In accordance with previous reports on SRSF2 mutation‐induced splicing changes, the splicing alterations we have observed in CD34^+^ cells are few and their magnitude of change is small. Several of the splicing alterations identified in CD34^+^ cells overlap with the changes seen in individuals with AML and CMML. These overlapping splicing alterations also persist in the K052 acute myeloblastic leukemia cells that harbor the SRSF2‐P95H mutation. Thus, these leukemia cells lines may be useful for delineating the pathways downstream of SRSF2 mutation‐induced splicing alterations. It has been proposed that the phenotypic manifestations in disease may be due to cumulative effects of several small changes in splicing [20](#stem2885-bib-0020){ref-type="ref"}. Studies examining modulation of U2AF1‐S34F induced splicing alterations in human CD34^+^ cells support this hypothesis. It was demonstrated that expression of the normal myelopoiesis associated isoforms of H2AFY and STRAP could partially reverse abnormalities in erythroid differentiation [19](#stem2885-bib-0019){ref-type="ref"}, thereby, supporting the idea that multiple splicing aberrations may be involved in the development of the disease phenotype. Notably, alterations in splicing of H2AFY and STRAP mRNAs were not detected in response to SRSF2 mutations. Thus, this supports the conclusion that phenotypic effects of mutations of SRSF2 and U2AF1 are mediated via different mechanisms. This lack of a set of commonly altered splice patterns in response to different splicing gene mutations is fueling another theory that leukemogenesis might involve non‐splicing functions of the mutant proteins [59](#stem2885-bib-0059){ref-type="ref"}. These non‐splicing roles may be in 3′‐end processing of mRNAs or in resolution of *R*‐loops during transcription [24](#stem2885-bib-0024){ref-type="ref"}, [25](#stem2885-bib-0025){ref-type="ref"}. SRSF2 and U2AF1 mutation‐induced defects in resolution of *R*‐loops in conjunction with a G2‐M arrest have been reported to occur in HEK293T cells and have been proposed as a "unifying" mechanism in myelodysplasia [25](#stem2885-bib-0025){ref-type="ref"}. It is not clear if *R*‐loops accumulate in human HSPCs expressing these mutations, as U2AF1 mutations were not found to affect proliferation. The role of the *R*‐loop mechanism, if any, in induction of the phenotypic effects observed here, clearly requires further investigation.

The dramatic induction of G2‐M arrest elicited by SRSF2 mutations appears to occur specifically in the human CD34^+^ HSPCs. Although, we did not find any adverse effects, SRSF2‐P95H induced inhibition of proliferation and G2‐M arrest in HEK293T cells was reported by others [25](#stem2885-bib-0025){ref-type="ref"}. These deleterious effects did not occur in mouse models [17](#stem2885-bib-0017){ref-type="ref"}, [23](#stem2885-bib-0023){ref-type="ref"}. This G2‐M arrest may be key to survival and adaptation of the HSPCs harboring SRSF2 mutations in leukemia and in preleukemic condition such as clonal hematopoiesis of indeterminate potential that has been identified as a strong risk factor for hematological malignancies [60](#stem2885-bib-0060){ref-type="ref"}. Delineating the triggers or conditions that allow reentry of the G2‐M arrested cells into the cell cycle may help to delineate the pathways that are involved in transformation of the CD34^+^ HSPCs.

SRSF2 mutation‐induced apoptosis of CD34^−^ cells is highly reminiscent of increased apoptosis seen in MDS cells [61](#stem2885-bib-0061){ref-type="ref"}. In mouse knock‐in experiments, analysis of the influence of SRSF2 mutations on apoptosis has yielded conflicting results. In one study that used Mx1‐cre SRSF2 WT and P95H mutant mice, the SRSF2‐P95H mutation was reported to evoke an increase in apoptotic LSK cells in mutant mice over that in WT littermates [17](#stem2885-bib-0017){ref-type="ref"}. Yet a separate investigation in which the Vav‐cre system was used did not report any changes in the frequency of apoptotic LT‐HSCs or LSK cells in the mutant mice in comparison to WT [23](#stem2885-bib-0023){ref-type="ref"}. The differences in SRSF2 mutation‐induced apoptotic responses of CD34^+^ and CD34^−^ cells and lack of such effects in K562 erythroleukemia cells suggests that the mutations have cell context‐specific effects. Therefore, the mutations in SRSF2 evaluated herein differentially affect the HSPCs and more committed CD34^−^ precursor populations. Understanding the effects of such mutations on cell population hierarchies will be important in characterizing the molecular changes and intracellular pathways that are specifically involved in these compartments.

Summary {#stem2885-sec-0015}
=======

In summary, this study demonstrates that introduction of myeloid disease mutations of splicing factor SRSF2 have adverse effects on human myelopoiesis. SRSF2 mutations inhibit expansion of HSPCs by causing a G2‐M arrest and induce apoptosis upon initiation of differentiation. These mutations also skew myeloid differentiation. The RNA‐Seq analysis has identified several SRSF2‐mutation‐induced alterations in splicing of genes that overlap with targets that have been reported to be altered in patients with AML and CMML. Defining the role of these splicing alterations in proliferation and differentiation of HSPCs will provide insight into mechanisms of pathogenesis and lead to development and characterization of therapeutic targets.
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